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A SEARCH FOR UNBOUND HELIUM 3 LEVELS WITH ISOBARIC SPIN 1/2
by Robert E. Warner®, John S. Vincent, and Edmund T. Boschitz

Lewis Research Center

SUMMARY

An attempt was made to excite the unbound T = 1/2 states in helium 3, recently re-
ported by Kim, Bunch, Devins, and Forster, by (@ - He3) inelastic scattering. No states
in He3 between 3- and 13-MeV excitation were found. The shape of the inelastic alpha-
particle spectrum was calculated with the assumption that phase space alone determines
the shape. Precise fits to the observed spectra were not obtained, but the similarity be-
tween calculated and observed spectra gave evidence that a broad maximum in the 17, 50
spectrum was caused by phase space rather than a level in He3. Other calculations with
Baldin's formalism showed that no enhancement of the inelastic cross section near 8-MeV

excitation in He3 should be expected.

INTRODUCTION

Interest in possible excited states of the three-nucleon system has been stimulated
by the recent observation by Ajdacic et al. (ref. 1) of a peak in the energy spectrum of
protons from the (n + t) reaction. They attributed this peak to the bound trineutron. In
contrast, Thornton et al. (ref. 2) repeated this experiment with 20. 8- rather than
14. 4-MeV incident neutrons and with improved accuracy and obtained a negative result.
Similarly, both Anderson et al. (ref. 3) and Cookson (ref. 4) have measured neutron
spectra from the (p + He3) reaction and failed to observe the corresponding, slightly
unbound state of the triproton.

Kim et al. (ref. 5) have examined the inelastic proton spectrum from the (p + He?’)
reaction and observed structure corresponding to unbound He3 levels at 7.7 MeV (thresh-
old energy for He3 - p+p+n)and at 10.2 and 12,6 MeV. It is unlikely that any of these
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levels is the T = 3/2 isobaric spin analog state of the trineutron, since most experi-
mental evidence now indicates that it does not exist. However, a T = 1/2 level has
been predicted by Baldin (ref. 6), who used effective range theory to correctly predict
the 20-MeV excited state (S= 0, T = 0) of He™.

Energy spectra of inelastic alpha particles from the (o + He3) reaction, which show
no structure corresponding to any unbound states in He3, are presented herein. Calcula-
tions which show that there should be no ehancement of the cross section as predicted by

Baldin are also presented.

SYMBOLS
A normalizing factor for computed cross sections
a,b,c curve-fitting parameters
a(k) nucleon-deuteron scattering length at propagation number k
dQ laboratory solid-angle element into which alpha particle is emitted
dQ , center-of-mass solid-angle element into which alpha particle is emitted
de center-of-mass solid-angle element into which deuteron is emitted

dzo/ dQ dE oy differential inelastic scattering cross section for detection of final alpha
particle in solid angle d2 and energy interval dE ol

kinetic energy of nucleon plus deuteron in their center-of-mass system

laboratory total initial kinetic energy

o

center-of-mass kinetic energy of final deuteron

Q,

laboratory kinetic energy of incident alpha particle

O

center-of-mass kinetic energy of final proton

center-of-mass kinetic energy of final alpha particle

R

laboratory kinetic energy of final alpha particle

Q
o~

value of Ea' when 10. 2-MeV level in He3 is excited

R
@]

Planck constant

h/27

mb‘mmmﬁmmmmm

Jacobian

propagation number

g Lo

nucleon mass



center-of-mass momentum of deuteron

Q:dl

ﬁp center-of-mass momentum of proton

fa center-of-mass momentum of alpha particle

Q kinetic energy loss in nuclear reaction

S angular momentum

T isobaric spin

Vv volume of box in which wave functions are quantized
8 y2ue/n2

r width of proposed 10. 2-MeV peak

& phase shift for nucleon-deuteron scattering, deg
€ binding energy of nucleon-deuteron system

[ reduced mass

p density of final states in phase space

P effective range

o total cross section

A center-of-mass scattering angle of alpha particle
9d angle between ﬁa and ﬁd

ez laboratory scattering angle of alpha particle

X2 statistical chi-square sum

Superscript:

max maximum

EXPERIMENTAL PROCEDURE

The 42-MeV alpha-~particle beam from the 1.5-m cyclotron was focused at the
center of a 10-centimeter-diameter gas cell containing He3 gas at one-fourth of atmos-
pheric pressure. This gas was analyzed in a mass spectrometer before and after the ex-
periment; its contaminants, mostly He4, were less than 5 parts per thousand. The scat-
tered alpha particles were detected by an 800-micron silicon surface-barrier detector.
Inelastic alpha-particle energy spectra were accumulated at laboratory scattering angles
of 17. 50, 200, 220, and 25°. An energy calibration was made by observing both He3 and




alpha particles from elastic (a - He3) scattering at several angles. The linearity was
better than 1 percent, and the energy resolution (typically 0.7-MeV full width at half maxi-
mum (FWHM)) was largely accounted for by kinematic broadening.

ANALYSIS AND DISCUSSION

Measured absolute inelastic cross sections are shown in figure 1. The sharp rise
in cross section just below Eaz = 16 MeV is caused by the detection of deuterons. These
particles can lose a maximum of 15.6 MeV in the detector. A similar rise just below
12 MeV (not shown) indicates the onset of proton detection. Therefore, the data are valid
only for Eaz = 16 MeV.

The arrows in figure 1 indicate the expected locations of peaks caused by unbound
levels at 10, 2- and 12. 6-MeV excitation in He3, as well as the highest energies at which
breakup of -He3 into (d + p) and into (p + p + n) can take place. No peaks were observed
at these energies. In general, the spectra rise monotonically from the threshold energy
for (He3 - p + d), except for the small, rather broad peak at 17. 5% and about 13-MeV
excitation. In the next section, it is suggested that this peak and the plateau at 20° near

Eaz = 16 MeV are phase space effects.

Search for 10, 2-MeV State

The most prominent of the states reported by Kim et al. (ref. 5) was the 10. 2-MeV
state of 1-MeV width FWHM, which was excited with a cross section of 1 or 2 millibarns
(1><10'31 or 2x10731 mz). The following procedure was employed to set an upper
limit on the intensity of a possible 10. 2-MeV peak in the 200, 220, and 25° spectra.
First, the continuum cross section in the region from 1.8 MeV below to 1.8 MeV above
the presumed peak, but excluding the region from 0.6 MeV below to 0.6 MeV above the

peak, was fitted by a straight line

2
_do  _ aE, + b (1)
dQ dEOlZ

for which a and b were calculated by the method of least squares. Next, a test was
made of the hypothesis that the data in the seven channels in the peak region (from
0.6 MeV below to 0.6 MeV above the presumed peak) were fitted by the expression
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2 a2
__d—cz a_Ea +b+c exp o ao (2)

/
dQ dE o1 1,2

At each angle X2 was calculated as a function of c¢, which in turn determines the dif-
ferential cross section for excitation of the level 0. The terms E a0 and IT" were
chosen to be consistent with the excitation energy and width reported by Kim et al.

(ref. 5). Values of X2 for the yield in the seven channels nearest 10. 2-MeV excitation
energy in He", as a function of the laboratory cross section for excitation of the
10.2-MeV level are as follows:

Total cross Laboratory scattering
section, O angle, deg
mb| m? 17.5| 20 | 22 | 25

Statistical chi-square sum

0o |0 16.5(15.1 | 3.9 13.5
110. 1><10—31 20.3|15.2 | 7.7|18.9
.2 25,2 16.8 [12.7 | 26.9
.3 31.5{20.0 {19.0 | 37.1
4 39.5)24.4 |27.0 | 49.2

5 ----130.2 [36.6 | ---~

For o0=20 (c =0), X2 ranged from 4 (80 percent probability) at 22° to 15 (5 percent
probability) at 20°. There is no a priori reason why the spectra should be linear, but it
was felt that the fits thus obtained were sufficiently good to serve as a reference in
searching for the peak. In general, the probability of occurence of XZ = 9. 8 for seven
data points fitted by a curve with no free parameters is 20 percent. Therefore, rather
arbitrarily, the upper limit of the cross section ¢ for excitation of the 10. 2-MeV state
was determined from the relation

x2(0) - x2(0) = 9.8 (3)
Thus, upper limits of about 0.4, 0.2, and 0. 15 millibarn (0. 04, 0.02, and 0.015 fmz)
were obtained at 200, 220, and 250, respectively. At 17. 50, the procedure was similar
except that a smooth curve, drawn without referring to the data near the peak, was re-
quired for a satisfactory fittothe continuum channels. An upper limit of about 0. 2 milli-
barn (0. 02 fmz) was obtained for the excitation of the 10. 2-MeV level. These cross-
section values are an order of magnitude lower than those quoted by Kim et al.




Calculation of Phase Space Factor for (a + He3 > a + p +d)

The shape of the alpha-particle energy spectrum is calculated under these assump-
tions:

(1) The yield of (@ + He3 — @ + 2p + n) is negligible in comparison with that for
(¢ + He" - @ + d + p). This assumption is reasonable since the measured spectra show
no appreciable change in slope at the threshold for (@ + He3 — @ + 2p + n) and since the
increases in yield at the onset of proton and deuteron detection in the detector are about
equal.

(2) The effects of nuclear interactions on the spectra are ignored, so that they are
entirely determined by the phase space factor (i.e., by kinematic effects). The spectral
shapes thus calculated are quite similar to the observed spectra and predict broad
maxima at Eaz = 15 or 20 MeV and thus account for the broad peak in the 17. 50 spec-

trum.
First, the phase space factor p is calculated in the center-of-mass system, start-

ing from the following equation:
AAY &P a°p d°P 6E +E.+E_ +Q-E)5P +D,+ D (4
p——3 o] d pa+d+p+_c) a+d+p) )
h

where E , E @ and E_ are the kinetic energies of the three particles in the final state;
ﬁa’ ﬁd’ and P_ are their linear momenta. E . is the total energy in the initial state;
@ is the threshold center-of-mass energy for the reaction « + He3 — a+d+p. The

three-dimensional momentum-conserving 6-function is integrated over all proton mo-

menta and yields

2

\s 2 2

= /pa dP, dQ,Py dPy dRy O(E, +Ey+E +Q-E ) (5)
h

Momentum conservation is used to eliminate Ep in the argument of the energy-
conserving O-function, so that
2 2 2
2 P P,+P,+2P,P_cosd
(V¥ 2 2 d, "d” T« d o d
p = ~§ /PadPaanPddedeﬁEa+Q-EC+—+
h

4m 2m

(6)




(The z-axis is taken to coincide with the direction of P o> 2nd the masses of d and «
are assumed to be exactly two and four times the nucleon mass M.) In carrying out the

integration over dP, the rule is used that

-1
8[i(p )= AN e, - Py 1)
de
where
f(P) = 0
The result is
2.2 p_p2
p _167M“V a'd (®)
aQ, dE , d(-cos ed) h6 3Pd+2Pa cos 04

The overall phase space factor for the detection of alpha particles is found by integrating
equation (8) over all deuteron scattering angles between 0 and 7. But equation (8) is
greatly simplified by changing the variable from cos ed to Ed’ which results in

3,2
p _18rMOVE 9)

ae,, dE dEd h6

Equation (9) is readily integrated over deuteron energies to give

P - AE,-E
d2
an dEa

) (10)

where Ed2 and E011 are the deuteron energies when 04 is 180° and 00, respectively.
In turn, it can be shown that equation (10) is equivalent to

—p—=A‘/E <Ema'x-E> (11)
andEa o o o

max

where E , is the maximum energy the alpha particle can have in the center-of-mass

system.



The laboratory to center-of-mass transformation equations are

tan g = L (12)
cos 9Z -4 o
7 Ey
_ 16 _8
Ea_EalJrngo - EoEal cos 0, (13)

where the scattering angles in laboratory and center-of-mass systems are E)l and 9,
and the energies in these systems are Eaz and E ,, and Eo is the laboratory kinetic
energy of the incident particle. By straightforward calculations,

d(cos 9, E,) E

J= = o (14)
?(cos BZ,EaZ) E,
Finally,
dzcr d20 J max
R, =J——— OC——p_—=A ECYZ<EQ —Ea> (15)
de dEaz daQ , dE, daQ , dE,
lab cm
From the last equation dzo/dQ dE a; Was calculated as a function of E ap and the

results were plotted in figure 2. The 22° curves are similar in shape to those for 20°
and 25° and, for clarity, were omitted from figure 2. At each scattering angle, the nor-
malization factor A was chosen to make the calculated and measured cross sections
equal at the energy at which the former reached its maximum value. The values of A
used were 0.95, 1.84, and 2.72 at 250, 200, and 17. 50, respectively. At 259 the phase
space curve gives a fairly good fit to the experimental data. At 20° and 17. 5° the ex-
perimental curves are more sharply peaked near Eaz =~ 20 MeV. This peak is expected,
since near the highest allowed values of Eap the relative momentum of (p + d) is small,
and Coulomb effects presumably inhibit the reaction. Even though the phase space
curves do not exactly reproduce the shape of the observed spectra, their prediction of
broad maxima near E o = 20 MeV suggests that these features of the observed spectra

should be attributed to phase space effects rather than unbound levels in He3.



Discussion of T =1/2 State Predicted by Baldin |

A theoretical paper by Baldin (ref. 6) uses effective range theory to correctly pre-
dict the 20-MeV excited state (S=0, T = 0) of He4. It also predicts a level of S = 1/2
and T = 1/2 at about 8 MeV in the three-nucleon system; this is the energy at which
the nucleon-deuteron doublet phase shift passes through 7/2. Kim et al. (ref. 5) note
that the small peak which they observed near the threshold energy for (p + He3 -~ 3p + n)
is at about the excitation energy of the Baldin state.

However, calculations presented herein show that when nucleons are scattered by
deuterons, there should be no enhancement of the cross section at the energy of the
Baldin level. Baldin's equation (3) was used to calculate the phase shift for the nucleon-
deuteron system 6 as a function of k:

1 1 2

———=kcot5=—B+prg+—pok
a(k) 2 2

(16)
The propagation number k and energy E are related through szz = 2uE. Therefore,
hB = \fﬁ_u—e_, where p is the reduced mass of the nucleon-deuteron system and € is its
binding energy; 8=0.42 fermi"l. By using the zero-energy scattering length a(0) = 8. 26
fermis recommended by Baldin and setting k = 0 in equation (16), the effective range
p, was calculated to be 3. 4 fermis. Then, 0 was computed as a function of k, and &
was plotted as a function of E in figure 3.

This figure also shows the total cross section 0 plotted as a function of E where
0 is proportional to sinchv/k2 and is given in arbitrary units. Note that E is the ki-
netic energy of nucleon plus deuteron in their center-of-mass system, so that E equals
the excitation energy in He3 minus €, where € =5.5 MeV. Therefore, at E = 2.5 MeV
(the energy at which 6 = 7/2), the excitation energy in He3- is 8 MeV. It is clear that the
nucleon-deuteron scattering cross section is not enhanced at this energy, and this effect
would not be expected to cause peaks in the spectra of particles from the breakup re-
action.

The n-p system behaves similarly. Baldin points ouf that the n-p triplet phase shift
is 7/2 at 15 MeV; therefore, in his formalism, at this energy the n-p system has a
level which is the reflection of the deuteron ground state. However, as is well known,
the n-p phase shift varies so slowly that the cross section decreases monotonically with
increasing energy in this region.

An additional objection to Baldin's work is that van QOers and Seagrave (ref. 7) have
recently found that the nucleon-deuteron scattering length a(0) which he used is in error.



SUMMARY OF RESULTS

Inelastic alpha-particle energy spectra from the (@ + H3 ) reaction were measured,
andno T =1/2 levels in H3 between 3- and 13-MeV excitation were found. Effective
range calculations employing the Baldin formalism indicate that no prominent state
should be observed near the threshold for (o + HeS - @ + 2p + n).

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 8, 1967,
129-02-04-06-22.
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Differential inelastic scattering cross section, dg/ds’z dEal' fmz/(sr)(MeV)

Differential inelastic scattering cross section, do/dQ dEal, mb/(sr)(MeV)
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Figure 1. - Inelastic cross sections for (@ + He3) reaction. Laboratory scattering
angles are specified; for clarity, elastic peaks at 200, 220, and 25° are omitted;
at 17. 5° elastic alpha- and He"-particle groups differ in energy by only 0. 4 MeV;
elastic peak shown consists of these two unresolved groups. Insert shows effect
on 17.5° spectrum of level at 10. 2-MeV excitation, total cross section, 0.4 milli-
barn (0. 04 fmz).
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Differential inelastic scattering cross section, dg/dQ dEal' mb /(sr)(MeV)
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Figure 2. - Inelastic spectra at 17. 50, 200, and 25°, (Calculated
spectra were arbitrarily normalized and were computed with the

assumption that phase space alone determines spectral shape.)
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